We report on the study of single biological cells with a confocal micro-Raman spectroscopy system that uses optical trapping and shifted excitation Raman difference technique. A tunable diode laser was used to capture a living cell in solution, confine it in the confocal excitation volume, and then excite the Raman scattering. The optical trapping allows us to lift the cell well off the cover plate so that the fluorescence interference from the plate can be effectively reduced. In order to further remove the interference of the fluorescence and stray light from the trapped cell, we employed a shifted excitation Raman difference technique with slightly tuned laser frequencies. With this system, high-quality Raman spectra were obtained from single optically trapped biological cells including E. coli bacteria, yeast cells, and red blood cells. A significant difference between control and heat-treated E. coli B cells was observed due to the denaturation of biomolecules.
I. INTRODUCTION
Biological cells are the complex mixture of a large number of biomolecules enclosed in cell membrane, including nucleic acids, proteins, polysaccharides, and lipids. 1 Identification of biomolecules inside living cells is important for the understanding of various cellular processes. Confocal microRaman spectroscopy is a promising tool for detection and identification of molecules contained in a tiny space based on measuring the molecular vibration frequencies from the scattered light. This technique has been used to study single living cells [2] [3] [4] and detect single molecules adsorbed on the surfaces of small metal particles. 5, 6 Useful information about the composition, secondary structure, and interactions of DNA-protein complexes inside the living cells can be yielded from the positions, intensities, and line widths of the Raman peaks in the spectra. However, several drawbacks prevent the use of this technique from being a more applicable analytical tool for single cell studies, especially for motile or floating cells in a liquid medium. One problem is that the living cells under study may move away from the confocal excitation volume within the acquisition time due to Brownian motion or cell motility since a relatively long acquisition time is often required to obtain a Raman spectrum. So, the motile cells such as swimming bacteria cannot be studied with this method. Consequently, the living cells under study have to be immobilized on a cover plate. [2] [3] [4] Yet, this immobilization has changed the chemical microenvironment of the living cell from the bulk solution and may yield unknown effects on the cell.
The use of optical trapping may relax those obstacles for single cell studies and permit high sensitivity. Optical tweezers permit the capture of a motile biological particle in solution using a focused laser beam 7, 8 and the captured particle can stay in the laser trap sufficiently long for taking Raman spectra and is in contact with the culture medium over its entire surface area. A large Raman signal from the trapped cell is permitted since the cell is trapped in the focus of the excitation beam, which permits optimum excitation and collection for Raman scattering in confocal configuration. Meanwhile, stray light and fluorescence background from the cover plate can be effectively reduced since the cell can be manipulated well above the cover plate. Recently, a combination of optical tweezers and Raman spectroscopy has been shown for the study of biological cells and nonbiological particles. [9] [10] [11] [12] In particular, we have shown a lasertweezers-Raman spectroscopy ͑LTRS͒ system for manipulation and identification of single biological cells as well as colloid particles in solution. 9, 10 However, the existing system is a pseudoconfocal system without a true confocal pinhole to exactly select the analyzed plane. The stray light background may still obscure the Raman signal of the trapped cell in some cases.
Optical trapping may cause damage to the living cells. However, photodamage induced by the trapping beam can be decreased substantially by using low power and choosing the laser wavelength in the near-infrared region, 7 which is relatively transparent to biological material. It has been shown that the local heating of the trapped cells induced by infrared optical tweezers is negligible ͑less than 1.4°C in temperature change for 100 mW at 1064 nm͒, 13 thereby ruling out direct heating as a source of photodamage. Recent studies with high-power exposures ͑100 mW at 790-1064 nm͒ suggested that photodamage is relevant to the production of excitedstate oxygen, mediated by a sensitizer molecule. 14 In this article, we report on the study of single biological cells with a confocal micro-Raman spectroscopy system that employs optical trapping and a frequency-shifted excitation difference technique to improve the sensitivity. In this system, a true confocal configuration was used so that the stray light background was significantly reduced by the use of a confocal pinhole aperture. A low-power diode laser ͑ϳ20 mW͒ near 785 nm was chosen both for trapping and exciting a living cell in order to reduce the absorption-induced degradation of the living cell and to reduce the fluorescence interference on the single cell spectra. We show that the interference of the intrinsic fluorescence and stray light from the levitated cell can be further removed with a shiftedexcitation Raman difference spectroscopy ͑SERDS͒ technique. 15, 16 By slightly shifting the diode laser frequencies, the broad background remains approximately unchanged while the sharply peaked Raman bands follow the shifted excitation frequency. Subtraction of the two spectra obtained with slightly shifted excitation frequencies gives a derivativelike spectrum from which the background has been effectively eliminated and Raman features can be extracted. This SERDS technique [15] [16] [17] [18] [19] has been shown to be effective in removing the broad background due to the residual fluorescence in various samples. Yet, the SERDS technique has not been applied to single cell studies.
II. EXPERIMENT
The experimental scheme is shown in Fig. 1 . The elliptical shape beam from a laser diode near 785 nm is made circular with a pair of anamorphic prisms, spatially filtered and then introduced in an inverted microscope equipped with an objective ͑100ϫ, NAϭ1.25͒ to form a single-beam optical trap. 9 The wavelength of the diode laser is temperature stabilized and the excitation wavelength can be conveniently shifted by tuning the temperature with a slope of ϳ0.3 nm/°C while keeping the output power constant by controlling the driving current. The backscattered light from the trapped cell is collimated with the same objective lens and passes through a 200-m confocal pinhole aperture to reject most of the off-focusing Rayleigh scattered light. Two notch filters are used to remove most of the on-focusing Rayleigh scattered light. The Raman-scattering light is then focused onto the entrance slit of an imaging spectrograph equipped with a liquid-nitrogen-cooled charged-coupled detector ͑CCD͒. A green-filtered illumination lamp and a video camera system are used to observe the image of the trapped cell. The spectral resolution of our confocal micro-Raman system was estimated to be ϳ6 cm Ϫ1 . Figure 2 depicts the near infrared ͑NIR͒ Raman spectra obtained from a living E. coli cell immobilized on a glass cover plate ͑a͒ or optically trapped in a LB culture medium ͑10g Bacto-tryptone, 5g Bacto-yeast extract, 10g. NaCl in 1 L of water͒ ͑b͒. An improved signal-to-noise ratio was shown for the trapped cell comparing to that for the immobilized cell. The living E. coli bacteria were grown in a LB culture medium. The living E. coli bacteria have a cylinder wall with a length of 2-3 m. Some of them move rapidly in solution.
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III. RESULTS AND DISCUSSION
Once the cell is captured in the optical trap, the long side of the cell is realigned to be parallel to the laser propagation direction since the longitudinal trapping force is weaker than the transverse trapping force. 8 The whole volume of the captured E. coli cell is excited by the trapping beam. The background spectrum ͑curve B͒ is subtracted from curve A. The subtracted spectrum ͑curve C͒ was calibrated with the system spectral response R͑͒, which was determined with a NIST ͑National Institute of Standards and Technology͒-calibrated fiber light source placed at the sample position in the microscope. As shown in Fig. 2͑a͒ , we found that the background for the plate-immobilized cell is about three times larger and the signal is weaker than those for the trapped cell. Therefore, some weak Raman peaks were not observed from the immobilized cell. Table 1 gives the observed Raman bands of a single trapped E. coli cells and the tentative assignation.
This confocal LTRS system can also be used to study single biological cells at different physiological states. Figure  3 shows Raman spectrum of E. coli B bacteria ͑different species from the E. coli used in Fig. 2͒ at a different temperature. These single bacterium spectra were recorded and averaged over up to 25 individual bacteria. Curve A is the averaged spectrum of single E. coli B bacteria whose temperature was controlled at 25°C. The background spectrum has been subtracted and the spectrum has been calibrated with system response function R(). Curves B and C are the averaged spectra of single E. coli B bacteria when the sample was heated at 60 and 70°C for 30 min, respectively. Comparing curves B and C to curve A, one can see that heating at high temperature changes the single cells spectrum significantly. At high temperature, intensities of Raman bands at 1004, 1452, and 1664 cm Ϫ1 were found to increase while the bands at 783 and 812 cm Ϫ1 ͑assigned to nucleic acid͒ were found to decrease. Our finding suggested that there exists a significant change in the phenylalanine ͑Phe͒ molecules ͑1004 cm Ϫ1 ͒ in the composition of heat-treated E. coli B bacteria, which might be caused by the change in the Phe binding condition in the denatured proteins. We have experimentally confirmed that the heat-denatured BSA ͑bovine scrum albumin͒ proteins also show similar significant changes in Phe Raman bands, compared to the native proteins. The decrease in nucleic acid bands ͑783 cm
Ϫ1
͒ suggests that these biomolecules could be degraded at high temperature. No significant change in single cell Raman spectra was observed at a temperature below 60°C.
Single cell Raman spectra can be further improved by using the SERDS technique. With a laser excitation frequency L , the measured spectrum for a single cell can be expressed as 20 
S m
where L RS () represents the actual single cell Raman spectrum, L F () is the fluorescence spectrum from the molecules inside the cell, and R() is the response function of the system. B() is the off-focusing stray light background that is scattered from collection lenses, filters, mirrors, and outside environments and enters the spectrograph. For a trapped single cell, the stray light is dominated by Rayleigh scattered laser light. With a slightly shifted excitation frequency L ϩ␦ L , the Raman bands L RS () follows the frequency shift while the broad spectra L F (), R(), and B() remain nearly unchanged and the measured spectrum becomes
So, the fluorescence and stray light background can be removed from the spectral-calibrated difference spectrum, The curve fitting with Eq. ͑2͒ gives the peak frequency i , height H i , and width i for each band and these parameters are used to reconstruct the conventional Raman spectrum L RS ().
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The SERDS technique effectively removes the strong background and yields high-quality single cell Raman spectra. Figure 4͑a͒ shows the Raman spectra of a single RBC trapped in 0.9% saline solution. Curves A and B are the recorded spectra with excitation wavelengths of 783.0 and 784.2 nm, respectively. Curve C is the background that is recorded without the RBC in the trap. One can see that the baseline of curves A and B is well above that of curve C, which can be contributed to the strong resident fluorescence of hemoglobin inside the RBC excited at NIR wavelength ͑ϳ783 nm͒. This broad baseline was not changed significantly when the excitation wavelength was changed from 783 to 784.2 nm, while the narrow-band Raman peaks follow the excitation wavelength change. Curve D is the difference spectrum ͑A-B͒, which has been calibrated and enlarged by 1.5 for display. Curve E is the reconstructed Raman spectrum obtained by the use of Eq. ͑2͒. From these spectra, we can see that the intrinsic fluorescence irradiated from the trapped RBC has been eliminated and only Raman features remain. Figure 4͑b͒ shows the Raman spectra for a living yeast cell trapped in water. Curves A and B are the recorded spectra with an excitation wavelength of 781.3 and 783.1 nm, respectively. Comparing to the background spectrum ͑curve C͒, one can see that the excited yeast cell also produces resident fluorescence and stray light due to the thick cell wall and some fluorescent constituents. This broad background can be subtracted in the difference spectrum ͑curve D͒, and the conventional Raman spectrum ͑curve E͒ can be reconstructed. Tables 2 and 3 give the tentative assignment for the observed Raman bands of RBCs and yeast cells, respectively.
IV. CONCLUSIONS
In summary, we have developed a NIR confocal LTRS system that combines the advantages of optical trapping, Raman spectroscopy, and the shifted excitation difference technique for characterization of single motile biological cells. Improvement in single cell spectra has been demonstrated. This system uses a tunable semiconductor diode laser for trapping, excitation, and conveniently yielding shifted frequencies. The system effectively removes the strong fluorescence and stray light interference on the single cell Raman spectra, provides high sensitivity, and permits real-time measurements on a single trapped cell in an aqueous culture medium. Raman spectra from single E. coli, RBCs, and yeast cells have been recorded with good quality. The system has also been applied for the study of the change in molecular composition of E. coli B bacteria at different temperature. The system can be used to provide molecular information of single biological cells in real time and may be a useful tool for the understanding of fundamental cell processes. 
